The mechanisms of recombination responsible for random integration of transfected DNA into the genome of normal human cells have been investigated by analysis of plasmid-cell DNA junctions. Cell clones containing integrated plasmld sequences were selected by morphological transformation of primary human fibroblasts after transfection with a plasmid containing simian virus 40 sequences. Nucleotide sequence analysis of the plasmid-cell DNA junctions was performed on cloned DNA fragments containing the integration sites from two of these cell clones. Polymerase chain reaction was then performed with human cell DNA from primary flbroblasts to isolate the cell DNA from the same sites before plasmid integration. Comparison of the sequences at the plasmid-cell DNA junctions with those of both the original plasmid and the cell DNA demonstrated short sequence similarities and additional nucleotides, typical of nonhomologous recombination. Evidence of short deletions in the cell DNA at the plasmid integration sites suggests that integration occurred by a mechanism similar to that used for repair of spontaneous or gamma ray-induced strand breaks. Plasmid integration occurred within nonrepetftive cell DNA with no major rearrangements, although rearrangements of the cell DNA at the integration site occurred in one of the clones after integration.
INTRODUCTION
Transfection of DNA into mammalian cells has become an increasingly important procedure. Little information is available, however, about the actual events involved in the integration process. Although techniques are now available for selection of integrations into specific locations (1, 2) , integration appears to be predominantly random (3) (4) (5) (6) . (This conclusion is based mostly on circumstantial evidence.) Several studies have also demonstrated that some integration sites can be highly unstable, leading to rearrangements in the integrated plasmid as well as in the surrounding cell DNA (7) (8) (9) (10) . Optimizing the efficiency of targeted integration, therefore, requires additional information on what factors influence homologous integration and on how integrated foreign sequences affect chromosome stability.
To learn more about the integration process, one study analyzed both plasmid-cell DNA junctions at three random integration sites in a mouse cell line (6) . Although the original sites before integration were not isolated for comparison, the results suggested that little if any sequence similarity was necessary for integration. Integration occurred primarily within regions of repetitive DNA and resulted in major rearrangements in the cell DNA. It is therefore often assumed that most integrations are associated with major rearrangements in the cell DNA; however, one study has demonstrated that integration of viral DNA can occur directly without additional rearrangements (11) .
In the current study we have conducted a similar analysis of random plasmid integration sites in primary human fibroblasts. Selection of clones containing integrated plasmids was accomplished by isolation of morphologically transformed foci that resulted from integration of origin-of-replication-defective SV40 sequences (12) . In addition to analyzing the plasmid-cell DNA junctions, we also analyzed the cell DNA at these sites before integration for a direct comparison. The results therefore provide information on both the nature of the sequences involved in the recombination and the consequences of integration on cell DNA.
MATERIALS AND METHODS
Cell culture. The normal primary human skin fibroblast strain HS-27 used in these studies was obtained from the Cell Culture Facility, University of California, San Francisco. Cell cultures were maintained in minimal essential medium containing either 10% (transformed lines) or 15% (primary fibroblasts) fetal calf serum. The cells were maintained at 37°C in a humidified incubator containing 10% CC^.
Cell transformation. Cell transformation was performed with the Bg/II-linearized plasmid pLR309 (12) , which contains origin-ofreplication-defective SV40 sequences (13) . After calcium phosphate-mediated transfection of the plasmid (12) , morphologically transformed foci were selected as described previously (12) .
DNA cloning. Integrated plasmid sequences and surrounding cell DNA were isolated with the use of bacteriophage cloning vectors as described previously (12) . Portions of the cloned DNA to be used for sequencing or as probes for hybridization were further cloned into the Bluescript plasmid (Stratagene).
Nucleotide sequence analysis. Nucleotide sequence analysis was conducted as described previously (10) , according to the method of Sanger et al. (14) . Sequencing was performed with Sequenase (U.S. Biochemical Corp.) with the use of plasmid minipreps (15) purified on Sephacryl S-400 columns (Pharmacia). The sequences for the neo gene (16), SV40 (17) , and pBR322 (18) have been reported previously.
Polymerase chain reaction. Primers (22 nucleotides) corresponding to the cellular DNA sequences adjacent to the integration sites were synthesized by the Biomolecular Resource Center, University of California, San Francisco. Polymerase chain reaction was performed as described previously (19) , with 1 ng of HS-27 cell DNA that had been denatured by boiling for 10 min, an annealing temperature of 60°C, and 40 cycles. The polymerase chain reaction products (651 bp for LM205, 202 bp for LM216) were digested with restriction enzymes and cloned into Bluescript (Stratagene) for nucleotide sequencing. Several products were analyzed to eliminate possible errors by the Taq polymerase.
Southern and slot blot analysis Agarose gel electrophoresis, blotting, and hybridization with radioactive or biotin-labeled probes have been described previously (12, 20) . linearized pLR309 plasmid (Fig. 1A ) contain 3 and 1 plasmid integration sites, respectively (12) . BglU restriction fragments containing the integrated plasmid sequences and surrounding cell DNA from both LM205 (12) and LM216 (this study) were cloned into bacteriophage cloning vectors. Mapping of restriction enzyme cleavage sites, hybridization with specific probes, and partial nucleotide sequence analysis were used to determine the structure of the integrated plasmid sequences. The cloned integration site from LM205 (Fig. IB) (Fig. 1C ) contains 9.6 kb of plasmid DNA, with 1.5 kb of cell DNA on one side and 5.5 kb of cell DNA on the other side. The plasmid sequences in LM205 consist of a single, nearly intact copy of the pLR3O9 plasmid, whereas LM216 contains several plasmid fragments integrated in tandem. These tandem fragments may have been formed before integration; however, many rearrangements of integrated plasmid sequences also occur after integration (12, 20) .
RESULTS

Mapping of integration sites
Nucleotide sequences at plasmid-cell DNA junctions
Integration in cell clone LM205 occurred by recombination between cell DNA and neo gene sequences at one terminus, and between cell DNA and pBR322 sequences at the other (Fig. IB) .
In cell clone LM216, integration resulted from recombination between cell DNA and pBR322 sequences at one terminus, and between cell DNA and SV40 sequences at the other (Fig. 1C) .
To determine the structure of the DNA directly involved in the integration, we sequenced through the plasmid-cell DNA junctions in both cell clones ( The neo gene, SV40 sequences, and pBR322 sequences are indicated, and adjacent cell sequences are represented by thin solid lines The approximate locations of Alu sequences are shown by black boxes, and restriction sites are indicated for BamHI (Bm), BglB (Bg), EcoRl (E), and Xbai (X) The vertical arrow shows an internal recombination site that was also analyzed from primary fibroblasts to isolate the cell DNA that existed in these regions before integration. The resulting DNA fragments were then sequenced and compared with the cell-plasmid junctions and plasmid DNA sequences (Fig. 2) .
The results with LM205 ( Fig. 2A ) demonstrated that upon integration 12 bp were lost from the end of the plasmid with the neo gene, and 347 bp were lost from the pBR322 end. A 311-bp deletion also occurred internally within the pBR322 sequences 9 bp from the plasmid-cell DNA junction; there was no sequence similarity between the sequences involved in the recombination, and a single C-G base pair was added (data not shown).
Comparison of the integration site in LM205 with the cell DNA before integration (Fig. 2A) demonstrated no similarity between the integrated portion of the plasmid and cell DNA at either junction, with C-G base pairs inserted at both junctions. A 9-bp deletion occurred in the cell DNA at the integration site. This deletion included part of a BglU restriction site. Integration may therefore have involved identity between the 4-bp single-stranded ends of the plasmid that were generated by linearization with BgCIl, although the ends of the plasmid were lost during integration.
The results with LM216 (Fig. 2B ) demonstrated 1 bp of similarity between pBR322 sequences and cell DNA at one end of the integrated plasmid, and 6 bp of similarity between SV40 sequences and cell DNA at the other end. Integration occurred within an A-T-rich region of cell DNA (31 of 32 bp) and resulted in a loss of 12 bp of cell DNA at the integration site. One of the plasrrud-cell DNA junctions occurred within a poly-T region. The length of this region in the cell DNA varied among different polymerase chain reaction products; three products had 12 consecutive thymidines (Fig. 2B) , two products had 11, and one product had 9, apparently owing to errors with the Taq polymerase.
The nucleotide sequence of one of the internal recombination sites within the plasmid sequences in LM216 was also determined (Fig. 2C) . Recombination occurred between the neo gene and the SV40 sequences. There was no sequence similanty at the site of the junction, and two additional A-T base pairs were inserted. A 13-bp inversion also occurred within the neo gene sequences at the recombination site. The site of the inversion corresponded with 4 C-G base pairs found at either end, and therefore may have involved the similanty between these sites. Whether this junction and inversion were formed before or after integration is not known.
Nature of the cellular sequences at the integration site
The fact that the polymerase chain reaction products of the DNA at the integration sites in LM205 and LM216 were unique fragments suggested that these integrations occurred in nonrepetitive DNA. To confirm this observation, the cellular DNA sequences cloned from the integration sites in LM2O5 and LM216 were used as probes and hybridized to DNA from a separate cell line. The 1.8 kb of LM205 cell DNA to the nght of the integration site ( Fig. 1) hybridized to single nonrepetitive bands on Southern blots; however, extensive heterogeneous hybridization indicated that interspersed repetitive DNA was located within the 2. Fig. 1 bp of DNA to the left gave only single bands by Southern blot analysis (data not shown), suggesting that an Alu sequence shown by sequence analysis to be located 1236 to 1450 bp from the integration site is the repetitive sequence closest to this integration site. Slot blot analysis (Fig. 3) confirmed these results. Probes consisting of the 1.8 kb of cell DNA to the right of the integration site or 778 bp of cell DNA to the left of the integration site gave minimal hybridization to DNA from primary human fibroblasts. In contrast, a probe containing the cell DNA 779 bp to 2.2 kbp to the left of the integration site gave extensive hybridization. An additional probe containing cell DNA 1380 bp to 2.2 kbp to the left of the integration site, which contained only 70 bp of the Alu sequence in this region, showed an intermediate level of hybridization. The 1.5 kb of LM216 cell DNA closest to the right of the integration site (Fig. 1) gave single bands when used as a probe for Southern blot analysis ( Table 1 ), indicating that integration in this cell clone also occurred within nonrepetitive cell DNA. Hybridization with the rest of the cell sequences cloned from LM216 as a probe, however, demonstrated interspersed repetitive sequences in the region of the integration site (data not shown). Southern blot analysis with a probe containing Alu sequences (Fig.  4) revealed several Alu sequences in the cell DNA adjacent to the integration site in LM216. The Alu sequences in the cell DNA to the right of the integration site were at least 2 kb from the integration site (Fig. 1Q, as shown by hybndization to restriction fragments (2.3 kb for Xbal, 1.2 kb for EcoM or EcoRl plus XbaT) that contained this region. Alu sequences were also detected within restriction fragments containing the 1.5 kb of cell DNA to the left of the LM216 integration site (Fig. 1Q . These fragments were 26 kb for £coRI (which includes bacteriophage DNA), 12.5 kb for Xbal (also seen as a lighter 9-kb band owing to deletions in the bacteriophage by homologous recombination), and 2.5 kb for EcoRl plus Xbal. The exact location of Alu sequences within this region has not been determined; however, they must be at least 85 bp away from the integration site, as demonstrated by nucleotide sequence analysis of plasmid-cell DNA junctions (Fig.  2) . Whether there are other repetitive sequences in this region is not known, but sequences immediately surrounding the integration site show no homology with known repetitive elements.
Absence of major rearrangements in the cell DNA during integration
Restriction site patterns in the cell DNA before integration of the plasmid sequences were used to determine whether major rearrangements occurred in the cell DNA during integration. For this purpose, nonrepetitive sequences isolated from the integration sites in LM205 (ref. 20; Table 1 ) and LM216 (Table 1) were used as probes for Southern blot analysis of DNA from cells lacking plasmids at these integration sites. As shown in Table  1 , the results for both LM205 and LM216 are consistent with the absence of major rearrangements of cell DNA in the region of the integration sites. Restriction enzyme digestion of DNA from other cell lines gave fragments of the sizes expected if the size of the integrated plasmid sequences was subtracted from the fragment sizes obtained with LM205 or LM216 ( Table 1 ). The only exception was the BglU fragment in LM205, in which a BglU. site was lost during integration ( Fig. 2A) .
DISCUSSION
Nucleotide sequence analysis of DNA from the integration sites in LM205 and LM216 showed that little or no sequence similarity is required for integration of foreign sequences into normal human cells. Short sequence similarities of 1 and 6 bp were observed at the cell-plasmid junctions at one integration site (LM205), and there were no similarities at the other integration site (LM216). The absence of sequence requirements is consistent with the apparently random integration of viral (21, 22) and transfected (3-6) DNA. Short sequence similarities at recombination junctions are typical of nonhomologous recombination between transfected DNA sequences (23, 24) , as well as in cell DNA after spontaneous or gamma ray-induced DNA damage (25) , and have been demonstrated to result from ligation of free ends (24, 25) . The integration in LM205 occurred within a BglU site, which is relatively infrequent in human cell DNA. Recombination may therefore have involved the single-stranded ends of the plasmid DNA that resulted from linearization with BglU. If so, the end of the plasmid must have been lost after synapsis with the cell DNA.
The plasmid insertions were accompanied by short deletions within the cellular DNA: a 9-bp deletion in LM205 and a 12-bp (Fig 1 A) of the integration site (lane 1), the 778 bp of cell DNA extending to the EcoRl site to the left of the integration site (lane 2), the 1 4 kb of cell DNA beginning after the EcoRl site to the left of the integration site Cane 3), and cell DNA beginning at 1380 bp to the left of the integration site and extending to 2 2 kbp from the integration site (lane 4), which contains 70 bp of an Alu sequence located 1183 to 1495 bp from the integration site All probes were labeled with [a- 32 PJdCTP to similar specific activities (B) The same blots shown in (A) but hybridized with 35 S-labeled probe consisting of the 2 2 kb of cell DNA to the left of the integration site to demonstrate that similar amounts of cell DNA were present on the filter deletion in LM216 (Fig. 2) . Short deletions of this type are typical of those observed in spontaneous or gamma ray-induced mutations in mammalian cells (25, 26) , which occasionally also involve insertion of cellular DNA (27) . It is tempting to speculate, therefore, that the integration occurs by simple end ligation of the plasmid sequences into spontaneous breaks in the cell DNA, as proposed previously (2) . Rearrangements and deletions in the plasmid DNA would therefore have occurred before integration, which is consistent with the absence of similar rearrangements within the cellular DNA.
A further indication of plasmid insertion at break sites in the cellular DNA is the presence of additional nucleotides at the recombination junctions. The insertion of additional nucleotides is often a feature of junctions formed during nonhomologous recombination (23, 28) . In clone LM205, additional C-G base pairs were observed at both plasmid-cell DNA junctions as well as within a deletion in the pBR322 sequence (Fig. 2) . Why there was an apparent preference for C-G base pairs, and whether these (lanes 1, 4) , Xbal (lanes 2, 5), or EcoRl and Xbal (lanes 3, 6), separated on agarose gels (lanes 1 -3) , and Southern blot analysis performed (lanes 4-6) using a probe consisting of the 2 2-kb fragment of cell DNA containing the Alu sequence isolated from the integration site in LM2O5 Molecular weight markers (M) consisting of the 23 1-kb, 9.4-kb, 6 7-kb, 4 4-kb, 2 3-kb, 2 0-kb and 0 57-kb HmdHl restriction fragments of lambda bactenophage DNA nucleotides appeared before or during integration, we do not know.
Although spontaneous or ionizing radiation-induced integration of cellular DNA fragments has been reported to occur within nonrepetitive gene sequences (27) , a previous study in mouse cells suggested that repetitive sequences are preferred sites for random integration of transfected DNA (6) . In the present study integration occurred within nonrepetitive DNA in both LM205 and LM216, and therefore repetitive sequences are not required for integration in normal human cells. Interspersed repetitive sequences were observed in the general region of the integration site in both clones; however, in cell clone LM205 these sequences were more than 1000 bp away. Because human cell DNA contains several hundred thousand interspersed Alu retroposons (29) , integration near Alu retroposons would be expected even if integration were totally random. However, it is possible that regions prone to integration of retroposons are also hotspots for integration of transfected DNA. In this regard, one of the integrations occurred within an A-T-rich region, which has been suggested to be a preferred site of retroposon insertion (29) .
The absence of detectable gross rearrangements in cell DNA at the integration sites of transfected DNA also differs from previous findings (6), although no major rearrangements occurred at a viral integration site (11) . Analysis of integration sites of transfected DNA in mouse cells demonstrated major rearrangements in the cell DNA in the region of integrated plasmid sequences (6) . This discrepancy may reflect differences in the cell types used. Normal cells, such as those used in the current study, have been suggested to have more stable genomes than do permanent transformed clones (30) . Rodent cell lines also generally show much higher transfection rates and incorporate larger amounts of foreign DNA than do human cell lines (31, 32) , and may have higher rates of recombination. Many of the rearrangements at integration sites in mouse cells may therefore have occurred after integration. Integration sequences commonly show instability after integration (7) (8) (9) , as has been shown in clone LM205 (10) . Because the instability of integration sites may be influenced by the surrounding cell DNA (7 -10), targeting integration to specific locations may prevent problems associated with this phenomenon.
